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Abstract
Thermogravimetric analyzer (TGA) under the influence of a static magnetic field and alternating gradient field magnetometer (AGFM)
were applied to study the magnetic properties of electroplated film Co76Mo18Ni6. The film was amorphous before thermal annealing.
Data from both magnetic measurements corroborate well with diffraction data. TGA is shown to supply vital information to help resolve
the ambiguity in X-ray and electron diffraction data. Furthermore TGA can detect the subtle relaxation of amorphous alloy during a
low temperature annealing before 250◦C. The relaxation is beyond the detection of current X-ray and electron diffraction technique.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Cobalt-based alloys are one of the most important mag-
netic materials [1–12]. It plays a key role in magnetic record-
ing media [1–6]. Recently, amorphous and nano-crystalline
alloys have been extensively studied to optimize soft or hard
magnetic characteristics [1–8]. Most of these studies were
carried out on melt–spun samples containing more than three
different elements [8–11,13–19,21]. Some studies show that
magnetic properties vary drastically with the annealing tem-
perature and duration [6–8,10–12,17–21]. In our previous
report [22], the results of a detailed study of devitrifica-
tion of amorphous Co76Mo18Ni6 were presented. The crys-
tal structures of the phases after annealing at temperatures
from 200 to 900◦C were delineated. It is felt that the ternary
amorphous alloy deserves further measurements of magnetic
properties to establish a correlation between microstructure
and magnetic characteristics. This relation would serve as a
guide to alloy design of Co-based magnetic materials.
2. Experimental
Amorphous film Co76Mo18Ni6 was prepared by direct
current electroplating. Its plating bath contains cobalt and
nickel sulfates and sodium molybdate. The thickness of the
film is 3m. Its chemical compositions were measured by
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electron probe microanalyzer (EPMA). The concentration
depth profiles were studied with electron spectroscopy for
chemical analysis (ESCA). The microstructures were deter-
mined with X-ray and electron diffractions. They were mea-
sured after the as-deposited films were annealed for 1 h at
temperature ranging from 200 to 900◦C. During the anneal-
ing process, the flowing hydrogen gas was used to prevent
the oxidation. Some details have been reported in [22].
Two kinds of magnetic measurements were performed;
hysteresis loops by means of alternating gradient field mag-
netometer (AGFM) [23] and thermogravimetric analysis
(TGA) in a static magnetic field supplied by a permanent
magnet [21]. The hysteresis loops were measured at room
temperature 27◦C. The TGA was performed on as-plated
film with a temperature ramp of 4◦C min−1. Differential
thermal analyzer (DTA) was also used to detect crystalliza-
tion temperature.
To deal with the field-displaced hysteresis loops, we fol-
low the procedures of Ref. [27]. Specifically Hc, Mr and Ms
are evaluated as follows.
1. Coercive force (Hc). The coercivity is half the width of
the M–H loop at M = 0 [27].
2. Residual magnetization (Mr). Through the center of the
loop, we draw a vertical line. The magnetization value of
intersect is Mr.
3. Saturation magnetization (Ms). The magnetization value
of the film under the maximum magnetic field 7850 Oe
we can reach.
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Fig. 1. (a) TGA scan under an applied magnetic field, and (b) DTA scan of amorphous soft magnetic film Co76Mo18Ni6 in argon. The temperature ramp
was 4◦C min−1.
Fig. 2. X-ray and TEM diffraction patterns (DP) together with dark field (DF) and bright field (BF) images of the films at (a) 500, and (b) 600◦C
isothermal annealing in a hydrogen furnace for 1 h, respectively.
250 C.-F. Chu, S.-T. Wu / Materials Chemistry and Physics 71 (2001) 248–254
3. Results and discussion
Fig. 1a exhibits the result of TGA under an applied mag-
netic field, along with that of DTA in Fig. 1b published previ-
ously [22]. The most distinctive feature is the sharp increase
of magnetization of TGA scan at 620◦C. Simultaneously a
sharp exothermic peak shows up in DTA scan. Therefore a
new phase appears near 620◦C which is more susceptible to
magnetization. Fig. 2 is the results of diffraction experiments
for samples annealed at 500 and 600◦C. Notice the disap-
pearance of diffusion rings in electron diffraction patterns
when the annealing temperature increase from 500 to 600◦C.
The corresponding X-ray peak intensity also increases dra-
matically. The dark field images are also very different. The
X-ray peak with the 2θ of 43.7◦C can be identified with ε-Co
(0 0 2) which has a 2θ of 44.762◦ from JCPDS [24] cards.
Fig. 3 shows the binary phase diagram [25] with a dashed
line denoting the composition of Co82Mo18, which results
from Co76Mo18Ni6 if we disregard the difference of nickel
and cobalt [22]. Notice that the equilibrium phase is ε-Co co-
existing with Co3Mo at 600◦C. The substantial difference in
2θ (43.7◦ versus 44.762◦) could result from super-saturation
of ε-Co from the excess molybdenum atoms. Notice also
that ε-Co is ferromagnetic corroborating with the sudden
Fig. 3. Binary phase diagram of Co–Mo. The dot line indicates the composition of Co82Mo18.
increase of magnetization in Fig. 1a at 620◦C. The slight
excess of 620 over 600◦C comes from the rapid tempera-
ture ramp of 4◦C min−1. Putting TGA and diffraction data
together, the interesting conclusion can be drawn: the amor-
phous phase crystallize at a temperature near 600◦C into a
Mo-supersaturated ε-Co phase which is ferromagnetic.
The second salient feature of TGA scan is the rapid
decrease of magnetization at 800◦C. It implies two pos-
sibilities: either the ferromagnetic phase is close to Curie
temperature (Tc) or some phase change has occurred. Fig. 4
shows a comparison of diffraction data before and after
transformation. It demonstrates that ε-Co has transformed
into -Co consistent with Fig. 3, where the transformation
temperature is 700 ± 150◦C. Notice that in the reverse
scan of TGA, when the temperature decreases to 800◦C, a
gradual increase of magnetization occurs. The increase con-
tinues to room temperature. The behavior is consistent with
the fact that a -Co is ferromagnetic. The Curie temper-
ature was 700◦C at 10% molybdenum [26]. Present TGA
scan suggests a Tc of 800◦C. The difference could originate
from different Mo content since Tc lowers as molybdenum
content increases. It is also interesting to notice that ε-Co
has a Curie temperature of 750◦C [26]. Therefore it is fer-
romagnetic at temperature below 750◦C. This is consistent
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Fig. 4. X-ray and TEM diffraction patterns (DP) together with dark field (DF) and bright field (BF) images of the films at (a) 700, and (b) 800◦C
isothermal annealing in a hydrogen furnace for 1 h, respectively.
Fig. 5. Temperature dependence of magnetic properties of (a) coercive force (Hc), (b) residual magnetization (Mr), and (c) saturation magnetization (Ms).
These relationships were measured by AGFM for as-deposited and annealed films at room temperature.
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Fig. 6. Magnetization (M) curves of Co76Mo18Ni6 by AGFM measurement at room temperature for (a) as-deposited amorphous film, together with
annealed films at (b) 200, (c) 300, (d) 400, (e) 500, (f) 600, (g) 700, (h) 800, and (i) 900◦C. The magnetic field (H) is parallel to these films.
with the sudden increase of magnetization at 620◦C, and
gradual increase of magnetization between 300 and 600◦C,
as indicated in Fig. 1a. In the previous report [22] where
the TGA scan in magnetic field was not included, the major
X-ray peak in figure could not be identified easily. Three
peaks from JCPDS cards: Co3Mo(0 0 2), ε-Co(0 0 2) and
-Co(1 1 1) are all close to the major peak. A diffractometer
of higher resolution could not be helpful because the molyb-
denum in solid solution is certain to shift the diffraction
peak. Without precise measurement of Mo content in ε-Co or
-Co, a clear cut resolution is not feasible. The magnetiza-
tion of TGA provides an easy way out for -Co has a lower
Curie temperature than ε-Co. Therefore the reverse scan at
780◦C shows a lower magnetization as indicated as “A” in
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Fig. 7. ESCA data of the as-deposited film for surface and bulk. (a) Oxygen, (b) cobalt, and (c) nickel. The data for bulk are taken after sputter etching
for 15 min.
Fig. 1a. This is an interesting case of a simple method like
TGA can provide an answer to a difficult identification task.
Another interesting point is the gradual decrease of mag-
netization from room temperature to about 250◦C. Both
X-ray and electron diffraction show that the alloy remains
amorphous. At 300◦C crystallites of size smaller than 10 nm
start to appear among the amorphous matrix. Therefore the
decrease of magnetization in Fig. 1a at low temperature sug-
gests that the amorphous alloys were annealed and some
kind of relaxation to release the internal energy was hap-
pening. Therefore TGA measurement can detect what is be-
yond the current capability of diffraction techniques. The
crystallizations can also be detected with hysteresis mea-
surement as shown in Fig. 5, where Hc (coercive force), Mr
(residual magnetization) and Ms (saturation magnetization)
at room temperature are presented with annealing temper-
ature as variable. Notice that both Hc and Mr start to in-
crease at 300◦C signifying that the film is a soft magnet
when the annealing temperature is lower than 300◦C. This
is clearly seen in Fig. 6. Thus the amorphous alloy is a soft
magnetic material similar to others from melt spinning. At
300◦C Hc start to increase and the hysteresis loop becomes
wider. Therefore the film becomes ferromagnetic. This co-
incides with the appearance of ε-Co crystallite. At 600◦C
there is a slight increase of Ms because the amorphous ma-
trix transforms into ε-Co. At 800◦C Ms decreases and ε-Co
transforms into -Co. The later is not as hard as the former
corroborating with TGA scan between 700 and 900◦C.
Judging from the concentration depth profile of oxygen
(O), cobalt (Co) and nickel (Ni) from surface to inside
by ESCA (electron spectroscopy for chemical analysis)
in Fig. 7. We find the oxygen signals on the surface are
higher than bulk. This implies the oxygen atoms were
not codeposited during the electroplating process. It was
present because the plated films were oxidized in the air.
Hence, the anti-ferromagnetic oxide film CoO [28] and
NiO [29] are produced over the surface of ferromagnetic
Co–Mo–Ni film. This results in the metal signal of Co
and Ni on the surface are lower than in bulk in Fig. 7b
and c by ESCA. If this reasoning is accepted then the
ferromagnetic–anti-ferromagnetic exchange coupling be-
tween surface oxides and Co–Mo–Ni film provides an
explanation for the asymmetry of hysteresis loops as shown
in Fig. 6.
4. Conclusion
It has been shown that diffraction techniques can be
effectively supplemented with TGA in a magnetic field
and hysteresis measurement. Often time when the analysis
of diffraction data are difficult because of peaks overlap,
the magnetic technique can supply a simple solution. This
is very valuable in view of the fact that commercial al-
loys often contain more than four elements. In the present
Co76Mo18Ni6 system, the magnetic behavior as a func-
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tion of annealing temperature can be well understood from
the crystallization history of the film using binary phase
diagram as basic reference.
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